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DC-OFFSET-CORRECTION SYSTEM AND
METHOD FOR COMMUNICATION
RECEIVERS

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to and the benefit of U.S.
Provisional Patent Application No. 61/097,123, filed Sep. 15,
2008, which 1s hereby incorporated herein by reference 1n 1ts
entirety.

FIELD OF THE INVENTION

Embodiments of the invention relate to systems and meth-
ods for recerving electronic or electromagnetic signals, and,
in particular, to communication recerver circuits for cancel-
ling static and dynamic DC oflsets.

BACKGROUND

Wireless communication receivers are used 1n applications
such as wireless sensor networks, point-to-point data links,
mobile phones, wireless local area networks, mobile
WiMAX, mobile wireless infrastructure, and data-streaming
applications. Receivers designed for such applications desir-
ably feature very low power consumption (e.g., less than 15
mW), very small die area, very low cost (e.g., less than $1),
and increasingly higher levels of itegration of their digital
signal processing functions. These characteristics permit the
deployment of very-large-scale battery-operated networks of
devices implementing such applications. A direct-conversion
receiver 1s one possible implementation of a wireless com-
munication receiver that may possess at least some of these
characteristics. A direct-conversion receiver can lower power
consumption by down-converting an incoming wireless sig-
nal directly to the base-band, thereby allowing the base-band
filtering chain to operate at frequencies lower than otherwise
possible. A direct-conversion recerver also offers superior
receiver-blocking resilience due to the absence of any 1mage-
rejection constraints, which are common in other receiver
architectures, such as low-intermediate-frequency receivers.

Unfortunately, direct-conversion recetvers may also suflfer
from certain drawbacks. For example, a DC offset introduced
into the direct-conversion recerver may cause the receiver to
perform sub-optimally by, for example, preventing a signal
from being received or degrading the receiver’s dynamic
range. There are two kinds of DC offsets: static and dynamic.
A static DC offset may be caused by circuit mismatches 1n the
receiver’s circuits, or by the local oscillator self-mixing at the
inputs of the receiver’s mixer. A dynamic, time-varying oifset
may be caused by the local-oscillator signal radiating proxi-
mate to the receiver. The dynamic time-varying ofiset can
change unpredictably over time with an umdentifiable ampli-
tude and frequency. The local-oscillator signal may be radi-
ated by the recerver itself and reflect back to it from nearby
surfaces, thereby self-mixing in the direct-conversion
receiver mixer stage. In addition, a similar modulated local
oscillator signal may be caused by a nearby transmitter oper-
ating on the same channel as the recerver, particularly if both
the recerver and transmitter operate 1n an unlicensed, uncon-
trolled radio frequency (RF) band, such as the Industrial,
Scientific, and Medical Band. This transmitted modulated
local oscillator signal may mix with the local oscillator of the
receiver 1n the receiver mixer stage. Another source of a
dynamic, time-varying oifset 1s coupling of the local-oscilla-

tor signal to the mputs of the low-noise amplifier at the

10

15

20

25

30

35

40

45

50

55

60

65

2

receiver mput. Due to the high gain of the low-noise amplifier,
the coupled local-oscillator signal may be amplified to a level

suificient to self-mix 1n the direct-conversion mixer stage.

Dynamic DC offsets should be cancelled while the desired
signal 1s being received, and previous implementations of
direct-conversion receivers have utilized limited offset-can-
cellation circuitry. These implementations, however, are gen-
erally unsuitable for low-cost, low-power wireless applica-
tions. Some 1mplementations, for example, employ analog
DC offset-correction circuitry, which may be too large, con-
sume too much power, and/or require too much time to cancel
the DC offsets. Other implementations correct only for static
DC offsets, or do not continually re-calibrate their correc-
tions, thereby ignoring dynamic time-varying offsets. Finally,
some 1implementations do not account for changes 1n dynamic
DC ofisets 1n the presence of gain changes 1n a recerver’s
front-end low-noise amplifier. Clearly, a need exists for
receivers that offer extremely low power consumption, very
small silicon area, and fast and efficient cancellation of static
and dynamic DC oflsets.

SUMMARY

The present invention provides, in various embodiments,
system and methods for cancelling static and/or dynamic DC
ollsets in receiver circuits using one or more offset-correction
loops (OCLs) which operate more rapidly and/or use lower-
cost hardware than prior implementations.

A recerver circuit, as the term 1s used herein, 1s an elec-
tronic device capable of extracting a signal from an incoming,
clectromagnetic wave or electric current. Such devices
include both wireless and wired communication receivers,
including, but not limited to, mobile phones, wireless local
area networks, cable modems, fiber optical recervers, or ana-
log front-end receivers. Much of the functionality of the ofl-
set-correction loop may be implemented with digital circuitry
and algorithms, 1.e., with only minimal analog circuitry. As a
result, the power consumption of the ofiset-correction loop
circuitry 1s easier to scale down with supply voltage, opera-
tion frequency, and process geometries. In addition, digital
implementations may have a small silicon area and generate
less noise.

In various embodiments, the offset-correction loop com-
pensates for the two types of DC offsets 1n two major stages.
In the first stage, any static DC ofisets are cancelled. In the
second stage, any dynamic offsets are cancelled, while the
static oifset-correction determined in the first stage 15 main-
taimned. This division of DC offset compensation may reduce
the complexity of the digital-to-analog converters (DACs)
used in the system—specifically, their resolution and
dynamic range—because the oflset-correction loop system
may need only a low-resolution DAC to compensate for static
DC offsets 1n the first stage while tracking and cancellation of
dynamic offsets may require a high-resolution DAC. Divid-
ing the DC offset-correction into two stages may also facili-
tate using various circuit design techniques and algorithms
that speed up the cancellation of the dynamic DC offsets. The
term ‘“‘cancellation” 1s used herein synonymously with
“reduction” of the offset, and does not necessarily imply
complete elimination of the ofisets. Preferably, the offset 1s
reduced to a value significantly below the signal level, e.g.,
98% below the signal level.

In certain embodiments of digital offset-correction loops in
accordance with the invention, a digital integrator detects a
DC offset at an analog-to-digital converter (ADC) output of
the recerver. The output of the integrator 1s passed through a
digital gain element, which may be implemented, e.g., using
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bit-shifting operations. The output of the digital gain element,
in turn, acts as an input to a DAC, whose output 1s combined
with the receiver RF mixer output. The DAC output (at least
partially) cancels the DC ofisets present in the recerver. This
closed-loop circuit effectively presents a high-pass frequency
characteristic for the signal being received. The bandwidth of
the high-pass frequency characteristic 1s set by the digital gain
clement at the integrator output. Changing the value of this
digital gain element changes the bandwidth of the high-pass
frequency characteristic and hence changes the speed of the
offset-correction loop. In certain embodiments, the band-
width of the offset-correction loop 1s adjusted 1n response to
the level of the DC oflsets to reduce the time needed for DC
offset cancellation.

Accordingly, the mvention provides, in a first aspect, a
method for cancelling an offset 1n a receiver circuit, using an
offset-correction loop, by cancelling a static offset during a
first cancellation stage and a dynamic offset during a second
cancellation stage (which follows the first cancellation stage).
To cancel the offset, an analog signal may be converted to a
digital signal. The method may involve disabling an input of
the recerver circuit during the first cancellation stage, and
enabling the input of the receiver circuit before entering into
the second stage. A static offset-correction determined in the
first cancellation stage may be maintained in the second stage.

The method may further include controlling a bandwidth
ol the oflset-correction loop by adjusting a feedback path
gain, which may be based, at least 1n part, on a magnitude of
the offset. Thus, a time period associated with cancelling the
offset and/or an acquisition time of an incoming wireless
signal may be reduced. Cancelling the dynam1c offset may,
moreover, include adjusting a feedback path gain of the ofl-
set-correction loop based, at least in part, on a change 1n a
teed-forward gain of the recerver, and/or compensating for an
estimated change 1n the dynamic offset due to a change 1n a
low-noise amplifier (LNA) gain. Cancellation of the dynamic
offset may be done continuously by using a sigma-delta DAC.
In some embodiments, the dynamic offset 1s cancelled during
a preamble of a received signal.

In a second aspect, the invention 1s directed to a system for
cancelling an offset 1n a receiver using an offset-correction
loop. Embodiments of the system may include an oiffset-
correction circuit for cancelling a static ofifset of the recerver
during a first cancellation stage and a dynamic offset of the
receiver during a second cancellation stage, and a controller
for effecting a transition of the ofl:

set-correction circuit from
the first cancellation stage to the second cancellation stage.
The controller may base the transition, at least 1 part, on a
magnitude of the offset. Further, the offset-correction circuit
may include circuitry for controlling the bandwidth of the
offset-correction loop. For example, the offset-correction cir-
cuit may include a multiplier (which may, in some implemen-
tations, be a divider), such as, e.g., a bit shifter, for adjusting,
a feedback path gain of the offset-correction loop, thereby
controlling the bandwidth. The adjustment of the bandwidth
and/or feedback path gain may be based, among other things,
on the magmtude of the offset and/or on a change 1n a feed-
torward path gain of the receiver.

In some embodiments, the system includes two DACs, one
for cancelling the static offset and another for cancelling the
dynamic oifset. The first DAC may have a lower eflective
resolution than the second DAC. A recerver base-band chan-
nel filter may be utilized for filtering out-of-band quantization
noise of the second DAC.

A third aspect of the mvention relates to a method for
cancelling an off

set 1n a recerver using an oilfset-correction
loop. Embodiments of the method include converting an ana-
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4

log output signal of the receiver to a digital signal; integrating
the digital signal; measuring a magnitude of a digital offset
level 1n the digital signal; scaling the integrated digital signal
based at least i part on the magnitude of the digital offset
level, thereby changing a bandwidth of the offset-correction
loop; converting the scaled integrated digital signal to an
analog offset-correction signal; and combining the analog
ollset-correction signal with the input signal, thereby cancel-
ling at least a portion of the offset in the recerver. The method
may further include filtering out-of-band quantization noise
in the analog offset-correction signal. In some embodiments,
the method ivolves interleaving the in-phase (I) and quadra-
ture (Q) channels of the receiver by alternately cancelling an
olffset in the I channel and the Q channel.

Scaling the mtegrated digital signal may be accomplished,
for example, by bit-shifting. Measuring the magnitude of the
digital offset level in the digital signal may include measuring
a moving average of the digital signal and, further, comparing
the moving average with a predetermined value to determine
a degree of scaling. Scaling the integrated digital signal may
be based on a change 1n the feed-forward gain of the recerver.
The integrated signal may further be adjusted based on an
estimated change 1n the dynamic offset caused by a change 1n
a gain of an LNA. The bandwidth of the offset-correction loop
may be widened when adjusting the imtegrated digital signal
to account for an error in the estimate.

In a fourth aspect, embodiments of the invention provide a
system for cancelling an oft

set 1n arecerver which includes an
ADC for converting an analog output signal of the recetver to
a digital signal; an integrator for integrating the digital signal,
thereby producing an integrated digital signal; an averaging
circuit for computing an average of the digital signal; a pro-
grammable gain element for scaling the integrated digital
signal based at least in part on the average; a DAC for con-
verting the scaled integrated digital signal into an analog
ollset-correction signal; and an adder for combining the ana-
log offset-correction signal with an input signal of the
receiver, thereby cancelling at least a portion of the ofiset in
the receiver. The system may further include a recerver base-
band channel filter for filtering out-of-band quantization
noise of the DAC.

The programmable gain element may be a bit shifter or
other multiplier. In some embodiments, the programmable
gain element scales the integrated digital signal based, at least
in part, on a signal from an automatic gain control unit. The
averaging circuit may include a moving average filter. Fur-
ther, 1t may have a window comparator for comparing an
output of the moving average filter with a predetermined
value to determine a degree of scaling of the integrated digital
signal. The adder may be or include a trans-impedance ampli-
fier. In certain embodiments, the system further includes a
sigma-delta modulator at the input of the DAC, which may be
a third-order modulator and/or an error-feedback modulator.
An 1nput signal of the sigma-delta modulator may be scaled to
prevent saturation of the sigma-delta modulator.

In a fifth aspect, the invention provides a wireless commu-
nication receiver comprising a receiver circuit for receiving a
wireless radio-frequency input signal and down-converting 1t
to a base-band frequency. Embodiments of the receiver
include an ofifset-correction circuit for cancelling a static
oflset of the recerver during a first cancellation stage and a
dynamic offset during a second stage following the first; and
a controller for effecting a transition of the offset-correction
circuit from the first to the second stage. The wireless com-
munication receiver may, for example, be used in a mobile
phone, a wireless local area network, or a wireless sensor
network.
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BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing will me more readily understood from the
tollowing detailed description of the invention 1n conjunction
with the drawings, 1n which:

FI1G. 1 1s a block diagram 1illustrating a recerver circuit and
olfset-correction loop during static-offset correction 1n accor-
dance with one embodiment;

FIGS. 2A and 2B are graphs 1illustrating the effect of a
change 1n the feedback path gain and simultaneous changes in
the feedback and feed-forward path gains of an ofiset-correc-
tion loop 1n accordance with one embodiment on the transier
function of the loop;

FIG. 3 1s a graph illustrating static-offset cancellation in
accordance with one embodiment:;

FI1G. 4 1s a block diagram 1llustrating a receiver circuit and
offset-correction loop during dynamic-offset correction 1n
accordance with one embodiment:;

FIG. 5 1s a block diagram 1llustrating a DAC and sigma-
delta modulator for use 1n a dynamic offset correction loop 1n
accordance with various embodiments; and

FIGS. 6A-6B are graphs illustrating various steps of
dynamic-oifset cancellation in accordance with one embodi-
ment; and

FIGS. 6C-6D are graphs illustrating the interaction
between an automatic gain control and an offset-correction
loop when LNA gain changes are taken into account 1in accor-
dance with one embodiment, or are not taken into account,
respectively.

DETAILED DESCRIPTION

Embodiments of the invention are, generally, directed to
various systems and methods for correcting DC offsets in
wireless or wired communication receiver systems. For
example, such offset-correction systems and methods may be
advantageously employed 1n a direct-conversion radio
receiver circuit, as illustrated in FIG. 1. The exemplary
receiver circuit 100 includes an antenna 102 for receiving an
RF signal, and an LNA 104 that amplifies the signal. A mixer
106 combines the RF signal with an input signal from a local
oscillator (LO) 108, whose frequency 1s typically tuned to the
center frequency of the RF signal frequency, and sends the
output through a base-band channel filter 110, where the
desired signal 1s extracted. The output signal of the filter 110
1s subsequently amplified in a programmable gain amplifier
(PGA) 112.

In practice, static and dynamic DC oifsets are often inad-
vertently introduced 1n the recerver. The static offset may
include, for example, an otfset V__ ,, 1n the base-band filter,
and an offset V. resulting from the on-chip coupling
between the RF and local oscillator ports ol the RF mixer 106,
which 1s a consequence of the finite 1solation between these
ports. The dynamic offsetV  , (see FIG.4) may be dueto LO
radiation and retlection back to the receiver imput, as well as
due to co-channel signals. To cancel these offsets 1n recerver
circuit 100, an output signal of the PGA 112 may be fed back
into the input port of the base-band filter 110, after passing
through an offset-correction loop (as described in greater
detail below). In various embodiments 1n which the offset-
correction loop 1s implemented digitally, the analog PGA
output signal 1s, for that purpose, converted to a digital signal
in an ADC 114, and the corrected signal 1s then converted
back into an analog signal in a DAC 116 before being com-
bined with the recerver input signal 1n an adder 118.

The direct-conversion receiver 100 may be optimized to

mimmize power consumption. For example, while the
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receiver 1s 1dle, 1t may be powered up only periodically to
search for an incoming wireless signal. Once the recerver 1s
powered up, the oilset-correction loop desirably cancels
static and dynamic DC ofisets 1n the shortest possible time
such that the recetver spends most of the power-up time
searching for an incoming wireless signal, which, 1n turn,
reduces the average power consumption of the receiver over
time.

Different wireless standards may define a signal’s pre-
amble—a non-data-bearing portion at the beginning of the
wireless signal—which provides a window of time for a
receiver to detect and synchronize to the incoming signal.
During the preamble, an automatic-gain control (AGC) sys-
tem may adjust the recerver’s LNA and PGA gains to com-
pensate for fluctuations 1n the incoming signal strength. A
shorter preamble may result 1n less overhead 1n the incoming,
data payload, but also means that there 1s less time for the
receiver to adjust 1ts AGC circuitry. A wireless recetver sys-
tem should be able to 1dentify and lock onto a preamble before
the time period defined by the preamble has expired.

To shorten the time needed for DC offset correction, the
olffset-correction loop may correct for DC off:

sets as fast as the
stability of the offset-correction loop allows. For example, it
may increase an ollset-correction signal in larger steps as
long as the offset level 1s high, and reduce the step size as the
offset diminishes. In some embodiments, the offset-correc-
tion loop dynamically controls 1ts bandwidth, and thereby its
speed, according to the detected DC ofiset levels as well as the
current LNA gain step. The bandwidth may be adjusted by
bit-shifting operations in the feedback path 120 of the (pri-
marily digital) offset-correction loop, typically, in a range
from about 100 Hz to about 1500 kHz. As detailed further
below, the bandwidth-adjustment mechanism may resultin a
bandwidth independent of any changes 1n the gain of the PGA
112 in the feed-forward path. These techniques, which may
have a very small hardware and power-consumption over-
head, can significantly reduce the time required for the DC
offset cancellation and, consequently, also the power con-
sumed by the entire recetver during signal acquisition.

The offset-correction loop may operate continuously and
in parallel with the AGC system during the wireless signal
reception. This parallel operation may pose significant chal-
lenges relating to the interaction between the AGC updates
and the DC offsets being cancelled. For example, short sig-
nal-acquisition times and short transmitter-to-receiver turn-
around times, defined by the communication standards of a
partlcular wu‘eless protocol, may require a fast settling time
for the offset-correction loop. The offset-correction loop may
be required to cancel any new DC oifset introduced by, for
example, an LNA gain change, before the AGC system reacts.
If the offset-correction loop responds more slowly than the
AGC system, the AGC may madvertently adjust the gain of
the system based on the value of a DC offset, not based on the
value of the actual incoming, 31gnal

The setthng time of the oifset-correction loop may be
reduced using a method of fast cancellation of the dynamic
DC oftsets that occur due to self-mixing of the local oscillator
signal 1n the recerver mixer stage after passing through the
LNA. The method mvolves estimating and compensating for
the effect that an LNA gain change will have on the offset-
correction loop. As a result, the output of the offset-correction
loop may mitially be moved closer to the correct dynamic DC
ollset target, which significantly reduces the settling time of
the offset-correction loop. In addition, the bandwidth of the
olfset-correction loop may be momentarily widened, e.g.,

with a bit-shifting operation, to allow for an even faster set-
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tling time, because the widened bandwidth may have a greater
tolerance for an incorrect prediction of the effect of the LNA
gain change.

The recerver may 1nclude a high-resolution DAC for con-
tinuous offset-correction. To reduce the silicon area required
by the DAC, 1t may be based on, for example, a third-order
sigma-delta current-steering design. This implementation

may feature an etlective resolution of at least 14 bits. The
implementation of the o

Tset-correction loop may also aid in
climinating flicker noise from the system by filtering 1t
through 1ts feedback loop.

In preferred embodiments, the offset-correction loop first
cancels the static portion of the overall offset, and next the
dynamic portion. Several hardware components of the offset-
correction loop may be utilized in both of these cancellation
stages. A controller may etlfect a transition between the two
stages, which are described 1n more detail in the following
sections.

1. Static Offset-Correction Stage

Referring again to FIG. 1, the oflset correction loop may
include, 1n addition to the ADC 114 and DAC 116, an inte-
grator 130, a programmable digital gain element 132, a mov-
ing-average (“MAR?”) filter 134, and a window comparator
136. While the figure shows only one base-band channel of
the recetver, many recervers utilize in-phase and quadrature (1
and Q) channels. In some embodiments, the offset-correction
loop may operate on both of these channels. For example, a
switch at the output of the PGA 112 may interleave the I and
(Q channels, so that the offset-correction loop alternates
between cancelling an offset 1n the I channel and cancelling
an oifset in the Q channel. In alternative embodiments, two
offset-correction loops may be used—one for each recerver
channel.

FIG. 1 1illustrates the oflset-correction loop in the static-
offset-cancellation stage. If an undesired signal of a relatively
high power level appears at the input of the recerver during,
this stage, the receiver output may saturate. This saturation
may cause the ofiset-correction loop to fail cancelling the
static DC offset (because the offset-correction loop will not
be able to distinguish between the static DC offset and the DC
olfset arising due to the saturation of the receiver). To prevent
this type of failure, the LNA 1s typically grounded and the
receiver disabled during the static DC offset-correction stage,
as shown 1 FIG. 1. As a result, most of the RF power appear-
ing at the recerver mput 1s retlected back.

In one embodiment, offset cancellation 1volves 1ntegrat-
ing the output of the ADC 114 using the digital integrator 130.
The output of the digital integrator 130 may be scaled by
programmable digital gain element 132, which 1s, generally,
a digital multiplier or divider (which terms are, in the follow-
ing, used synonymously). In certain embodiments, element
132 is a bat shifter, which shiits the bits of the digital value of
the integrator output, thereby implementing a divide or a
multiply operation with powers of 2. The digital feedback
gain (e.g., the amount of bit shifting) may be varied to set the
unity-gain frequency of the digital integrator. Since the unity-
gain frequency, in turn, influences the high-pass filter corner
(HPFC) of the closed-loop transfer function of the oifset-
correction loop, the HPFC may be controlled by adjusting the
digital feedback gain of gain element 132.

FI1G. 2 A 1llustrates the effect of the bit-shifting operation of
the digital feedback gain on the HPFC of the closed-loop
transfer function of the offset-correction loop. In this
example the HPFC 1s varied between 1.5 kHzand 12 kHz. A
change 1n the feed-forward gain of the PGA 112 generally
shifts the HPFC. However, if the change in the feed-forward
gain 1s accompanied by a compensating change 1n the pro-
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grammable digital gain element 132, the HPFC remains at
constant frequency. In the example i1llustrated 1n FIG. 2B, the
HPFC stays at 6 kHz while the PGA gain 1s changed from 1ts
maximum to 1ts minimum value.

The bit-shifting operation has two advantages. First, the
ability to control the bandwidth of the offset-correction loop
using bit-shifting operations may facilitate speeding up and
slowing down the oflset-correction loop, and may thus allow
to adjust the correction-loop speed based on the offset level,
as explained in greater detail below. Second, the ability to
adjustthe feedback path gain facilitates fast compensation for
any change 1n gain in the feed-forward path. The gain 1n the
teed-forward path of the loop, which 1s controlled by the
AGC, may be adjusted according to the signal level in the
receiver chain. The gain changes may take place in the PGA
when the recetver input 1s enabled and 1s ready to receive the
desired signal.

The output word of the bit shifter may be fed into a current-
steering DAC and thereby converted into an analog voltage,
which 1s then added to the receiver input signal, for example,
using a trans-impedance amplifier. The least-significant-bit
(LSB) size of the DAC may be limited by the residual offset
required at the output of the ADC. The dynamic range of the
DAC may be set at the lower end by this LSB size and at the
higher end by the full-scale static offset that the DAC needs to
cancel. In this design, the LSB size may be, for example, 0.8
mV, and the full-scale offset may be 102 mV.

The static offset in the recerver may initially be large
enough to cause the ADC output to saturate. To quickly cancel
the greater portion of this large offset so as to bring the
receiver base-band chain from a saturated condition into a

linear region of operation, the oif:

set-correction loop may
initially operate at a high speed. This speed-up of the offset-
correction loop may save valuable power-up time for the
receiver. Once the majority of the static DC offset 1s can-
celled, the offset-correction loop may be slowed down to
lessen the probability of instability 1n the feedback loop. The
speed-up and slow-down operations may be controlled by the
window comparator 136 depicted 1n FIG. 1. The MAR filter
134 may average the output of the ADC 114 for a specified
period of time, and the window comparator 136 may compare
this average with a predetermined threshold value to indicate
the level of the DC offset. The output of the window com-
parator 136 may be used by a bit shifter controller 138 to
control the amount of bit-shifting 1n the programmable digital
gain e¢lement 132, which 1n turn may set the high-pass corner
of the system, thereby controlling the speed of the system.

The static DC offset cancellation may be accomplished
using the maximum base-band gain, thereby providing the
minimum residual DC offset at the ADC output. The AGC
loop, however, may change the base-band gain 1n subsequent
stages ot operation, thereby changing the DC offsetV __ ,,. To
reduce the effect of any static DC offset changes caused by
changes to the base-band gain, a fixed gain of, for example, 12
dB may be maintained at the input of the base-band chain.
This fixed gain may be implemented without degrading the
linearity of the receiver.

Once the window comparator 136 indicates that the DC
offset at the ADC output has been cancelled to the desired
number of LSBs, a state-machine that 1s part of the controller
and supervises the operation of the offset-correction loop
may terminate this stage of offset-correction and transition to
the dynamic DC offset-cancellation stage. The static offset
DAC code may be held during the next stage.

FIG. 3 shows the operation of the offset-correction loop 1n
the static offset-cancellation stage. The plot shows the output

of the window comparator 136 (oifset level), the input of the
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ADC 114 1n the receiver, and the output of the coarse DAC
116 used for static offset-correction. At the start of the can-
cellation phase, the offset level 1s high; this 1s indicated by the
window comparator output as level 2. As a result, the band-
width of the ofifset-correction loop 1s increased to the maxi- 53
mum possible value until the offsetlevel drops to the level that
brings the recerver chain out of saturation. The window com-

parator then indicates that the off;

set level has dropped to a
medium value, level 1. As a result, the offset-correction loop
decreases the bandwidth of the loop to prevent the offset- 10
correction loop from becoming unstable. This continues until
the offset level drops to the minimum value, which 1s 1ndi-
cated by the output of the window comparator as level 0. As
soon as this occurs, the state machine supervising the opera-
tion of the offset-correction loop in accordance herewith ter- 15
minates this stage and moves on to subsequent stages. (Al-
though the state machine 1s not shown 1n the figures, 1t 1s a
conventional control expedient or running process pro-
grammed to operate the offset-correction loop as described
herein.) In some embodiments, the overall full-scale static 20
offset-cancellation stage may take 9 us or less due to these
speed-up mechanisms.

2. Dynamic DC-Offset-Correction Stage

FI1G. 4 1llustrates one embodiment of a system implement-
ing the second, dynamic DC ofiset-cancellation stage of the 25
olffset-correction loop. The static DC offset corrected in the
first stage, as described above, 1s maintained during this stage
using the static DC offset DAC 116. The dynamic digital
olfset-correction signal may be converted 1nto an analog sig-
nal by a second DAC 402. 30

The DC offset V_, -1n the dynamic time-varying offset-
correction stage may be due to LO radiation and reflection
back to the recetver mput, as well as possible co-channel
signals. To allow this type of offset to be cancelled at the
mixer output, the dynamic DC offset-cancellation stage may 35
start by enabling the LNA 104 and allowing the system to
receive an mcoming signal. The dynamic DC ofiset in this
stage may be cancelled while a signal (including a preamble
thereol) 1s being received. As a consequence, the quantization
noise of the offset-correction DAC 402 may need to be much 40
lower than the noise contributed by the recetver chain. Pret-
erably, the contribution of the DAC 402 to the overall noise of
the receiver 1s negligible.

To reduce the quantization noise introduced into the
receiver by DAC 402, the DAC 402 should have a high reso- 45
lution. For example, the resolution required to degrade the
noise of the recerver by only 0.2 dB, over the Nyquist band-
width of the offset-correction loop (e.g., 20 kHz), may be 14
bits. The DAC 402 may be required to mject very little noise
as well as to maintain 1ts monotonicity over its operating 50
range. A conventional current-steering DAC with these char-
acteristics may consume a prohibitively large amount of
power and silicon area. Therefore, in one embodiment, the
DAC 402 1s implemented as a sigma-delta-modulator DAC
(1.e., a DAC having a sigma-delta modulator 404 connected to 55
its input port).

The sigma-delta modulator may be implemented using an
error-feedback architecture, which 1s very hardware-etficient,
as depicted in FIG. 5. Sigma-delta DACs may substantially
reduce the amount of analog circuitry required to implement 60
the DAC, thereby reducing the silicon area and power
required.

To meet the no1se requirements, the sigma-delta modulator
may be chosen to have a higher order, for example, a third
order. A third-order modulator 404 may keep the in-band 65
quantization noise low, at the expense of increasing the out-
of-band quantization noise. A third-order modulator may

10

give, for example, a 4 dB integrated noise improvement over
a second-order modulator over the bandwidth of the base-
band channel filter (e.g., 1.5 MHz).

In a conventional implementation, the out-of-band quanti-
zation noise may be eventually filtered from the signal by a
low-pass filter. Such a low-pass {ilter, however, 1I 1mple-
mented with analog components may be expensive 1n both
silicon area and power consumed. Certain embodiments of
the current invention may, therefore, not use a dedicated
low-pass filter to filter the out-of-band quantization noise, but
instead rely on the base-band channel filter 110 in the recerve
chain, acting as a filter at the desired bandwidth (e.g., 1.5
MHz). Reusing the base-band channel filter 110 may result in
significantly lower area and power consumption than using a
dedicated low-pass filter for the DAC 402.

The sigma-delta modulator may operate at a frequency of
13 MHz, giving an over-sampling rate of, for example, 8.67
relative to the desired signal bandwidth (e.g., 1.5 MHz). How-
ever, other appropriate operation frequencies of the sigma-
delta modulator are also within the scope of embodiments of
this invention. The sigma-delta DAC solution may achieve an
integrated noise voltage at the base-band low-pass channel
filter output that 1s, for example, 12 dB below that of the RF
mixer. This integrated noise voltage may cause less than 0.2
dB overall degradation 1n the receiver noise figure. The efiec-
tive number of bits of the sigma-delta DAC may be 14 bits
over the Nyquist bandwidth of the offset-correction loop.

Returning to FIG. 4, the operation of the offset-correction
loop 1s 1llustrated 1n further detail. The first step 1n cancelling
the dynamic DC offset may be to disable the AGC system 406
and lock the recerver gains (1.¢., the gains of the PGA 112 and
LNA 104) at their maximum levels. During this first step, the
ollset-correction loop may attempt to cancel any dynamic DC
olfsets detected. Because the recerver 1s enabled, however, a
strong signal could saturate the receiver and prevent the ofl-
set-correction loop from fully cancelling the dynamic DC
ollsets. Such a strong signal need not necessarily come from
the intended transmaitter because the communication system
may delay the transmission of such a desired signal for a
specified amount of time after the receiver 1s enabled. Nev-
ertheless, a strong co-channel signal (originating from, for
example, another unregulated communication system) could
be present at the recerver iput, causing the receiver to satu-
rate. The offset-correction loop and AGC system 406 may
have to cope with these two alternative scenarios (1.e., a
scenario 1 which a strong co-channel signal 1s not present,
and one 1n which 1t 1s), while keeping the time from powering
up the recerver to starting the search process for the desired
signal at a mimmum.

In the first scenario, 1n which a strong co-channel signal 1s
not present, the ofl

set-correction loop may operate 1n a man-
ner similar to that of the static DC offset-correction stage, as
described above. The digital integrator 130 may integrate the
dynamic DC ofiset appearing at the output of the ADC 114
and direct the signal to be bit-shifted according to the desired
bandwidth. The sigma-delta modulator may take the output of
the feedback gain bit-shifter 132 and truncate 1t to, for
example, a 7-bit word, which may then be supplied as an input
to the DAC. The MAR filter 134 may average the ADC
samples, and the window comparator 136 may detect the level
of the offset in the mtegrated ADC output and, accordingly,
set the bandwidth of the offset-correction loop system until
the oflset 1s Tully (or nearly) cancelled.

After the state machine of the offset-correction loop has
detected that the offset has been substantially cancelled, the
AGC system 406 may be enabled. The offset-correction loop

may then reduce i1ts bandwidth, thereby analyzing only a
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portion of the spectrum of the received signal and hence
avolding degradation to the signal-to-noise ratio of the
received signal. For example, for a 2 Mbps Gaussian ire-
quency-shift keving signal, the maximum high-pass filter
corner of the offset-correction loop may be 2 kHz. A 250 kbps
direct-sequence spread-spectrum minimum-shiit keying sig-
nal may have a maximum high pass filter corner of 15 kHz.

In the second scenario, in which a strong co-channel signal
1s present, the ofiset-correction loop system may not be able
to fully cancel the dynamic DC offset in the allocated time.
This failure to cancel the dynamic DC offset may be due to the
high signal level present at the input of the receiver, which
may make the offset estimation process very long. To deal
with this case, the offset-correction loop system may have a
time-out period after which 1t stops trying to cancel the
dynamic DC offset and moves to the next stage of operation—
enabling the AGC system 406. The window comparator 136
may be used to indicate whether the offset has not been fully
cancelled.

Once the AGC system 406 15 enabled, the recerver gain may
be reduced to compensate for the high co-channel signal
level. In the communication systems envisioned by the imple-
mentation of the current invention, the level of an undesirable
co-channel signal, received during the mitial dynamic DC
offset-correction stage, 1s generally lower than the level of the
signal eventually recerved during the normal operation of the
receiver. Therefore, the AGC system 406 may establish a
higher gain in the receiver chain in the presence of the co-
channel signal than 1t will, later on, during receipt of the
desired signal. As a result, as the offset-correction loop can-
cels the residual dynamic DC offset (1.e., the portion of the
offset that was not cancelled before the enabling of the AGC
system 406), the receiver may operate at a lower gain level
than that during the presence of the co-channel signal. There-
fore, the oflset-correction loop may exhibit an even lower
residual offset during the receipt of the desired signal.

Once the AGC system 406 1s enabled, the receiver may be
ready to recerve an incoming signal, and the offset-correction
loop may reduce 1ts bandwidth to a lower value, thereby
avolding a degradation to the signal-to-noise ratio of the
received signal. It the level of the incoming signal changes,
however, the AGC system 406 may change the gain of the
LNA 104 1n response. Doing so, however, may change the
level of the dynamic DC oflset, because the majority of the
local-oscillator signal that causes such ofisets may pass
through the LNA 104. Because the LNA gain updates may
occur nearly mstantaneously, the ofiset-correction loop, due
to 1ts narrow bandwidth, may not be able to quickly cancel a
new ollset level. This situation may cause that the AGC sys-
tem to detect a high ofiset level at the output of the ADC 114,
thereby confusmg its signal detection algonthm As a result,
the AGC may arrive at an incorrect gain level. Because the
AGC system 406 may be required to re-adapt to a new gain
level 1 a short amount of time (e.g., less than 20 us), it may
not be possible to stop the AGC, cancel the offset, and then
re-start the AGC for every gain update.

Therefore, 1n some embodiments, the olfset-correction
loop 1s provided with an estimate of the new dynamic DC
offset level when the LNA gain changes. This estimate may
be set equal to a scaling of the existing off

set level, before an
LNA gam change takes place, 1n accordance to the current
LNA gain step. Whenever an LNA gain update occurs, the
olffset-correction loop bandwidth may be increased SUCh that
any error in the oil

set estimate may be quickly cancelled
betore the AGC reacts to the new signal level. This bandwidth
extension may take place during the LNA gain update and
may be controlled by a time-out period.
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FIG. 4 shows one embodiment of an implementation of the
scaling mechanism. In this embodiment, an estimate of the
dynamic DC oifset 1s provided when a change 1n the gain of
the LNA 104 occurs. This implementation may be achieved
by adding an estimate of the dynamic offset (AA ) to the
current dynamic offset DAC code (A ;). The estimate AA ,_
may be computed by scaling A ,  with the current LNA gain
step (G,,,) and subtracting A, from the result (1.e,
AA, =G, xA, -A, ). Thus, for example, if the LNA gain
drops by 12 dB, A , may be scaled by a factorof 4 and A , . 1s
subtracted from this value, yielding a AA ,_value of —%axA .

AA , may then be 1mversely scaled with the current feed-
back gain (1.e., the current bit-shifting setting) in the feedback
path and added to the signal 1in the oflfset-correction loop
integrator 130. In one embodiment, the resulting effect 1s
adding the AA . value to the current dynamic offset DAC
code, A , , every time an LNA gain change occurs, thereby
scaling the current value of the offset by the exact amount of
the LNA gain step. Because the addition of AA ,  occurs 1n the
integrator, any errors in the estimation of the scaling factor by
which the dynamic DC offset 1s scaled may be eventually
corrected by the offset-correction loop. The error may be
minimized by providing a look-up table 408 for the low-noise
amplifier gain step scaling factors. The values in the look-up
table 408 may be adjusted based on silicon results.

After AA ,_ has been applied to the integrator, the band-
width of the offset-correction loop may be subsequently
increased for a period of time to correct for any errors made 1n
the estimation of AA ;.. In one embodiment, the offset-cor-
rection loop corrects the errors before the AGC reacts.

The bandwidth of the offset-correction loop may also be
maintained during a change in the gain of the PGA 112. This
bandwidth maintenance may be accomplished by updating
the feedback path gain (e.g., bit-shifting by, for example, 2) in
response to a change 1n the PGA gain step (of, for example, 6
dB). This implementation may simplify the offset-correction
loop system hardware 11 the feedback path gain of the offset-
correction loop 1s not updated when the PGA gain steps are,
for example, 3 dB steps.

Updates to the digital gain at the integrator output may
cause steps (e.g., jumps) at the output of the offset-correction
DAC, thereby corrupting the signal being received. Any such
steps may prevent the AGC system 406 from correctly deter-
mining the signal level. In one embodiment, the DAC steps
may be prevented by adding, in the integrator 130, a value
equivalent to the step induced by updating the digital gain. As
a result, the step may be hidden from the feedback system
when the ofiset-correction loop bandwidth changes.

In addition, changes in the PGA gain steps may cause
changes 1n any static DC ofisets present in the system. These
changes in the static DC offsets may be minimized by per-
forming the static DC offset cancellation phase at the maxi-
mum PGA gain setting, thereby minimizing the residual off-
set during the normal operating phase of the receiver because
the PGA 112 may then be operating at lower settings. Fur-
thermore, the gain line-up 1n the receiver may be chosen such
that the gain stage at the input of the base-band chain 1s fixed
at, for example, 12 dB. Having a fixed gain stage at the
base-band chain may reduce the mnput-referred static DC
offset; the small residual offset at lower PGA steps may not
significantly afiect the total mnput-referred DC offset.

FIGS. 6 A-6C illustrate the operation of the dynamic offset-
correction loop 1n its various stages. FIG. 6 A shows the 1nitial
stages of the dynamic ofiset-correction loop. After the LNA
104 1s enabled, a dynamlc DC offset appears at the RF mixer
output, and the offset-correction loop starts to cancel the
dynamic DC offset. The figure shows the target oflset to be
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cancelled as well as the output of the offset-correction sigma-
delta DAC. The AGC 406 1s not enabled while the offset-

correction loop 1s initially cancelling the dynamic DC offset,
and the gains of the PGA 112 as well as the LNA 104 are held
at the maximum value. The offset-correction loop starts the
cancellation phase with a very wide bandwidth to quickly
cancel the dynamic DC offset. The residual dynamic offset 1s
measured using the MAR filter 134, and once the dynamic
DC offset level drops below a specified level, the offset-
correction loop bandwidth 1s reduced to the minimum value
which 1s suitable for the signal being received.

If the dynamic DC offset has been reduced below a speci-
fied threshold, or after a specified time-out period, the offset-
correction loop state machine enables the AGC system 406.
Once the AGC system 406 1s enabled, and 1f a desired signal
1s present at the recerver mput, the AGC 406 will update the
gains of the LNA 104 and PGA 112 to adjust the total recerver
gain. FIG. 6B shows a stmulation for a —50 dBm signal at the
receiver input shortly present before the AGC 1s enabled.
Once the AGC 1s enabled and starts to acquire the signal, LNA
as well as PGA gain changes take place as shown. During the
LNA gain updates, the output of the sigma-delta offset-cor-
rection DAC 402 1s scaled accordingly to minimize the set-
tling time of the offset-correction loop, and hence to allow the
AGC to predict the correct signal level while operating simul-
taneously with the offset-correction loop. As shown in FIG.
6B, there 1s an error between the target value of the dynamic
offset and that of the sigma-delta DAC. This error 1s due to the
non-ideal scaling of the dynamic DC offset with the LNA gain
change. To allow the oflset-correction loop to settle this error
as fast as possible, the offset-correction loop bandwidth 1s
increased whenever an LNA gain change occurs. In addition,
the offset-correction loop bandwidth 1s kept at the extended
bandwidth for a time-out period following every LNA gain
change. This guarantees that the error resulting from the
scaling mechanism relative to the target DC offset 1s can-
celled within the given time-out period. After this time-out
period, the offset-correction loop bandwidth reduces back to
the bandwidth required for signal reception.

FIG. 6C shows the overall settling performance of the
offset-correction loop, indicating the wide bandwidth of the
loop during and after the LNA gain changes as well as the
final offset-correction loop bandwidth. It also shows the
wavelorms ol the received signal at the ADC input, indicating,
no distortion of the signal due to the sigma-delta offset-
correction DAC 1n the dynamic cancellation stage.

FIG. 6D shows a simulation of an ofiset-correction loop
that does not utilize the scaling mechanism of the DC ofisets
according to the LNA gain changes, but does use the band-
width extension scheme after an LNA gain change. A com-
parison of FIGS. 6C and 6D shows that, without the scaling
mechanism, the settling time of the ofifset-correction loop
increases by more than a factor of 2 and, more importantly,
that the AGC settling time, as a result, increased by more than
a Tactor of 26 because the AGC system makes an error due to
the fact that the DC oflset 1n the receiver was not fully can-
celled while the AGC was making a decision on the recerver
gain level.

Although the present mnvention has been described with
reference to specific details, 1t 1s not intended that such details
should be regarded as limitations upon the scope of the inven-
tion, except as and to the extent that they are included 1n the
accompanying claims.

What 1s claimed 1s:
1. A method for offset cancellation 1n a receiver, the method
comprising:
cancelling a static offset using an offset-correction loop
during a first cancellation stage, wherein a switch elec-
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trically couples an input of a low-noise amplifier (LNA)
of the recewver to a ground potential during the first
cancellation stage;
enabling the LNA of the receiver by electrically coupling
the input of the LNA to an antenna via the switch; and

while the LNA 1s enabled such that the input of the LNA 1s
clectrically coupled to the antenna, generating a
dynamic offset value and cancelling the dynamic offset
based at least partly on the dynamic offset value using
the offset-correction loop during a second cancellation
stage following the first cancellation stage.

2. The method of claim 1, wherein at least one of the
cancellation stages comprises controlling a bandwidth of the
olfset-correction loop by adjusting a feedback path gain.

3. The method of claim 2, wherein adjusting the feedback
path gain 1s based at least 1n part on a magnitude of at leastone
of the static offset or the dynamic offset.

4. The method of claim 2, wherein adjusting the feedback
path gain reduces a time period associated with cancelling at
least one of the static offset or the dynamic oilset.

5. The method of claim 2, wherein adjusting the feedback
path gain reduces an acquisition time of an incoming wireless
signal.

6. The method of claim 1, further comprising disabling the
LNA before entering into the first cancellation stage.

7. The method of claam 1, wherein at least one analog
circuit element 1s used to cancel the dynamic oifset.

8. The method of claim 1, turther comprising maintaining,
during the second cancellation stage, a static offset-correction
determined 1n the first cancellation stage.

9. The method of claim 1, wherein cancelling the dynamic
olfset comprises adjusting a feedback-path gain of the offset-
correction loop based at least in part on a change 1n a feed-
forward gain of the recerver.

10. The method of claim 1, wherein cancelling the dynamic
offset comprises estimating a change 1n the dynamic offset
due to a change 1n a gain of the LNA and compensating for the
estimated change 1n the dynamic offset.

11. The method of claim 1, wherein cancelling the dynamic
olfset comprises continuously cancelling the dynamic offset.

12. The method of claim 11, wherein continuously cancel-
ling the dynamic offset comprises using a sigma-delta digital-
to-analog converter (DAC).

13. The method of claim 1, wherein cancelling the dynamic
olfset comprises converting an analog signal to a digital sig-
nal.

14. The method of claim 1, wherein the dynamic offset 1s
cancelled during a preamble of a received signal.

15. A system for offset cancellation 1n a receirver, the sys-
tem comprising;:

an oflset-correction circuit configured to:

cancel a static offset of the recerver during a first can-
cellation stage;

generate, 1n a continuous offset-correction loop during a
second cancelation stage, an estimate of a dynamic
offset based at least partly on an estimate of a gain
change of alow-noise amplifier (LNA) of the receiver,
wherein an mput of the LNA 1s electrically coupled to
an antenna during the second cancellation stage, and
wherein the second cancellation stage follows the first
cancellation stage; and

cancel a dynamic oifset of the receiver during the second
cancellation stage based at least partly on the estimate
of the dynamic oflset; and

a controller configured to transition the offset-correction

circuit from the first cancellation stage to the second
cancellation stage.
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16. The system of claim 15, wherein the controller 1s con-
figured to transition the offset circuit based at least in part on
a magnitude of at least one of the static oilset or the dynamic
olfset.

17. The system of claim 15, wherein the offset-correction
circuit comprises circuitry configured to control the band-
width of the offset-correction loop based at least 1n part on a

magnitude of the offset.

18. The system of claim 15, wherein the offset-correction
circuit further comprises a first digital-to-analog converter
(DAC) configured to cancel the static ofiset of the recerver
during the first cancellation stage and a second DAC config-
ured to cancel the dynamic offset of the receiver during the
second cancellation stage.

19. The system of claim 18, wherein the first DAC has a
lower effective resolution than the second DAC.

20. The system of claim 18, further comprising a receiver
base-band channel filter configured to filter out-of-band
quantization noise of the second DAC.

21. The system of claim 15, wherein the offset-correction
circuit comprises a multiplier configured to adjust a feedback
path gain of the offset-correction loop.

22. The system of claim 21, wherein the multiplier 1s con-
figured to adjust the feedback path gain based at least 1n part
on a change 1n a feed-forward path gain of the receiver.

23. The system of claim 21, wherein the multiplier com-
prises a bit shifter.

24. A method for cancelling an offset 1n a receiver using an
olfset-correction loop, the method comprising:

converting an analog signal of the receiver to a digital

signal;

integrating the digital signal;

while the receiver receives an mput signal, measuring a

magnitude ol a dynamic offset level 1n the digital signal;
scaling the integrated digital signal based at least 1n part on
the magnitude of the dynamic offset level, thereby
changing a bandwidth of the offset-correction loop;
converting the scaled integrated digital signal to an analog,
olfset-correction signal; and
combining the analog offset-correction signal with the
input signal received by the receiver, thereby cancelling
at least a portion of the ofiset in the receiver.

25. The method of claim 24, wherein scaling the integrated
digital signal comprises bit-shifting the integrated digital sig-
nal.

26. The method of claim 24, wherein measuring the mag-
nitude of the ofiset level 1n the digital signal comprises mea-
suring a moving average of the digital signal.

277. The method of claim 26, further comprising comparing,
the moving average with a predetermined value to determine
a degree of scaling the integrated digital signal.

28. The method of claim 24, wherein scaling the integrated
digital signal 1s further based on a change 1n the feed-forward
gain of the recewver.

29. The method of claim 24, further comprising:

estimating a change in the dynamic oifset caused by a

change 1n a gain of an LNA of the receiver; and
adjusting the integrated digital signal based on the esti-
mate.

30. The method of claim 29, turther comprising widening,
the bandwidth of the oflset-correction loop when adjusting,
the integrated digital signal to account for an error in the
estimate.

31. The method of claim 24, further comprising:

alternately cancelling an offset in an I channel of the

receiver and a Q channel of the recerver.

32. The method of claim 24, further comprising filtering,
out-of-band quantization noise 1n the analog offset-correction
signal.
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33. A system for offset cancellation 1n a receiver, the sys-
tem comprising:

an analog-to-digital converter (ADC) configured to con-
vert an analog signal of the recerver to a digital signal;

an integrator configured to integrate the digital signal,
thereby producing an integrated digital signal;

an averaging circuit configured to compute an average of
the digital signal;

a programmable gain element configured to generate a
dynamic offset digital-to-analog converter (DAC) code
by scaling the integrated digital signal based at least in
part on the average of the digital signal, wherein the
programmable gain element 1s configured to generate
the dynamic offset DAC code while the recerver receives
an 1mput signal;

a digital-to-analog converter (DAC) configured to convert
the dynamic offset DAC code into an analog oiffset-
correction signal; and

an adder configured to combine the analog offset-correc-
tion s1ignal with the input signal received by the recerver,
thereby cancelling at least a portion of the offset 1n the
receiver.

34. The system of claim 33, wherein the programmable

gain element 1s a multiplier.

35. The system of claim 34, wherein the multiplier com-
prises a bit shifter.

36. The system of claim 33, wherein the programmable
gain element 1s configured to scale the integrated digital sig-
nal based at least in part on a signal generated by an automatic
gain control unit.

37. The system of claim 33, wherein the averaging circuit
comprises a moving average filter.

38. The system of claim 37, further comprising a window
comparator configured to compare an output of the moving
average lilter with a predetermined value to determine a
degree of scaling the integrated digital signal.

39. The system of claim 33, wherein the adder comprises a
trans-impedance amplifier.

40. The system of claim 33, further comprising a receiver
base-band channel filter configured to filter out-of-band
quantization noise of the DAC.

41. The system of claim 33, further comprising a sigma-
delta modulator.

42. The system of claim 41, wherein an iput signal of the
sigma-delta modulator 1s scaled to prevent saturation of the
sigma-delta modulator.

43.The system of claim 41, wherein the sigma-delta modu-
lator 1s a third-order modulator.

44. The system of claim 41, wherein the sigma-delta modu-
lator 1s an error-feedback sigma-delta modulator.

45. The system of claim 33, wherein the integrator com-
prises a first input terminal electrically coupled to the ADC, a
second mput terminal electrically coupled to a second pro-
grammable gain element configured to provide an estimate of
a new dynamic direct current DC) offset level, and an output
terminal electrically coupled to the programmable gain ele-
ment.

46. A wireless communication recerver system compris-
ng:

a recerver circult comprising at least an antenna configured

to recerve a radio-frequency input signal, a switch, and a
low-noise amplifier (LNA);

an offset-correction circuit configured to cancel a static
offset of the recerver system during a first cancellation
stage and a dynamic oifset of the receiver system during,
a second cancellation stage following the first cancella-
tion stage, wherein the switch 1s configured to electri-
cally couple a ground potential to an input of the LNA
during the first cancellation stage and electrically couple
the antenna to the iput of the LNA during the second
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cancellation stage, and wherein the offset-correction cir-
cuit 1s further configured to generate a dynamic oifset
value while the antenna 1s electrically coupled to the
input of the LNA and to cancel the dynamic ofiset during
the second cancellation stage based at least partly on the
dynamic offset value; and
a controller configured to transition the offset-correction
circuit from the first cancellation stage to the second
cancellation stage.
47. The wireless communication recetver system of claim
46, wherein the system 1s a mobile phone.
48. The wireless communication receiver system of claim
46, wherein the system 1s a wireless sensor network.
49. The wireless communication receiver system of claim
46, wherein the system 1s a wireless local area network.
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